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INVESTIGATE MATERIAL SYSTEMS FOR MIRRORS USED 

IN HIGH POWER CO AND C02 LASERS 

by 

R. W. Stewart 

ABSTRACT 

Results are presented from the first phase of a three-phase pro- 

gram sponsored by Advanced Research Projects Agency to develop a laser 
mirror material system. 

Copper, dispersion hardened with the addition of 0-5 von SiC or 

Al203 was deposited by high-rate sputtering to produce a stable, fine- 

gram (<0.4 m  polishable material exhibiting a surface roughness of 
less than 15 A rms when it was mechanically polished. 

Instruments for measuring surface roughness by scattered light and 

mirror absorption by differential calorimetry were also designed, con- 

structed, and successfully employed in measuring surface propert.es and 
mirror optical absorption. 
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INVESTIGATE MATERIAL SYSTEMS FOR MIRRORS USED 

IN HIGH POWER CO AND C02 LASERS 

by 

R.W. Stewart 

SEMIANNUAL TECHNICAL REPORT 

INTRODUCTION 

The purpose of this report is to describe progress on the first 

six-month phase of a program being conducted by Battelle-Northwest 

Laboratories in close cooperation with the Naval Weapons Center at China 

Lake, California to investigate materials systems for high-reflectivity 

infrared (IR) mirrors used in high-power lasers. Front surface, high- 

reflectivity laser mirrors have received increased attention in the last 

few years. Power densities of several kW/cm2 are anticipated on cavity 

optics components, both for continuous wave (CW) and pulsed IR laser 

applications. It is generally conceded that mirrors for such applica- 

tions require reflectivities of >99.9%.(1) In addition, to obtain the 

thermal conductivity required for heat dissipation, metal mirror compo- 

nents are considered essential wherever their use is feasible. The 

mirror structure visualized initially consists of the following compo- 

nents listed in their sequence of formation: 

1) A metal mirror support, on which will be deposited successive 

layers of material by sputtering or ultrahigh vacuum evapora- 

tion. The mirror support material selected for the initial 

work will be OFHC (Oxygen Free High Conductivity) copper. 

2) A hard, stable, fine-grained, sputter-deposited metal mirror 

material whose principal property will be its ability to be 

polished to a surface roughness ^20 Arms. 

(1) C.M. Stickley, "Conference on High Power Infrared Laser Window Mate- 
rials, (C.S. Sahagian and C.A. Pitha, eds.) Air Force Cambridge 
Research Labs Special Report No. 127. p. 405, November 1971 
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3) A thin, high conductivity sputter-deposited or evaporated metal 

overlayer having a high-reflactivity surface. 

4) A (minimum components) dielectric quarter-wavelength reflectiv- 

ity enhancement coating to improve the reflectivity of the sur- 

face achieved in 3 above. The (minimum layer) limitation 

derives from the low conductivity of dielectric material and 

the realization that the expected several Watts/cm2 absorbed 

power may cause spallation of the dielectric. 

It is pertinent to note that although quartz has been mechanically 

pohshed to a surface roughness of <10 A nns,^ the best surface 

obtait.ed^on conventionally fabricated metals has been in the 35-50 A rms 

range. c      Sputtered deposits offer the advantages of extremely fine- 
grain size (<1 y). homogeneity, and ability to dispersion harden. These 

features form the basis for thinking that the necessary mirror properties 

are obtainable through application of sputtering technology. 

SUMMARY 

TECHNICAL PROBLEM 

The ultimate objectives are to establish the material parameters 

which are important tc obtaining required mirror performance, and to 

demonstrate the validity of the developed information by the fabrication 

of a 1.520 in. diameter curved (r - 1.43 m) mirror having absorption of 

^0.1% of incident IR radiation (10.6 ym wavelength) and with an appropri- 

ate quarter-wavelength reflectivity enhancement coating. 

The specific objectives of the first phase of the program are: 

1) Investigation of the polishability of spur.ter-deposited mate- 

rial towards achieving a surface exhibiting either a surface 

roughness of 20 A rms or less, or the definition of procedures 

necessary to attain that smoothness. 

(U K.W. DletZ and J.M. Bennett. "Bowl Feed Technique for Producing 

pTaÄ,0?^!1 Surfaces'* -J-App1iedQ^s'vo1-5. 
(2) H.E. Bennett, Private communication. 
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2) Sufficient characterization of the prepared samples to allow 

identification of those approaches most likely to result in 

further improvements. 

3) Development of supporting instrumentation 

a. Calorimeter for mirror absorptance measurements with 10% 

accuracy operational 

b. Scattered light measuring instrument operational 

c. Study of feasibility of optical heterodyne technique for 

roughness evaluaiion started, 

4) Initiation of investigation of low pressure sputtering for 

high reflectance metal overlayer. 

GENERAL METHODOLOGY 

Laboratory scale application of sputtering technology to the 

development of a mirror structure and the characterization and evaluation 

of structures formed. 

TECHNICAL RESULTS 

The work performed to date has validated the original concept of 

using sputtered, dispersion-hardened stable copper as a metal mirror 

material capable of accepting treatment to provide surface finishes of 

less than 20 A rms. The material characteristics of principal impor- 

tance have been determined to be material homogeneity and small grain 

size (<0.4 y). The expectec correlation between hardness and polish- 

ability was not observed. The principal deposition parameters for 

achieving these material properties have been established with demon- 

strable reproducibility. 

Measured absorption at A = 10.6 ym has thus far not correlated with 

any characteristic other than the electrical conductivity of the mirror 

material. The reflectivity decreases with decreasing conductivity as 

expected. Maximizing reflectivity in the polishable deposit requires 

minimizing the dispersoid content while at the same time maintaining the 
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stable, fine-grain microstructure in the deposit. Variation In surface 

roughness below 20 A rms does not appear to influence measured 
reflectivity. 

Use of the bowl-feed polishing process, with a pitch lap and 

Barnesite dispersed in water as a polishing medium, worked well for 

polishing fused quartz but wa? not found suitable for surfacing of 

metals. Other liquid polishing mediums were tried with the pitch lap 

but they were not successful. Excellent results were obtained by char,3- 

ing to a cloth lap end a colloidal carbon (modified india ink) polishing 

medium using the sa.rie equipment. About 30% of the polished samples 

exhibited surfaces with less than 15 A rms surface roughness using this 

polishing technique. 

DEPARTMENT OF DEFENSE IMPLICATIONS 

The work in the first phase has demonstrated that dispersion- 

hardened fine-grain metals may be mechanically polished to produce ultra- 

smooth surfaces. This demonstration and the anticipated results in the 

following phases could greatly advance laser technology. 

IMPyCATIONS FOR FURTHER BESEARCH 

Although adequate at the present, additional research will be 

required on materials properties versus performance and on polishing 

technique. The existing scope of the contract does not permit the 

research required in these areas. To prevent a future delay in program 

accomplishment, consideration should be given to concurrent effort in 
the indicated areas. 



PROCEDURE AND DbVELOPMENT OF REQUIRED TECHNOLOGY FORMATTOM 
AND SAMPLING OF METAL MJRRQR MATERIAL 

SPUTTER DEPOSITION 

The experimental materials for the mirror surface were formed on 
the mirror support by sputter deposition using the supported discharge 

direct current mode of operation.(l'2) The target (deposition source) 
and substrate (mirror support) were para.lel flat discs spaced about 
3 cm apart in a bäkeable vacuum chamber which was capable of 1 x lo"8 torr 

base pressure. The sputtering gas was research grade krypton from Linde. 

The targets were prepared by compacting mixtures of OFHC copper 
powder and either silicon carbide or alumina powders in a Dyna-Pak(R) 

machine while simultaneously bonding the mixtures to OFHC copper backup 

plates. The backup plates were subsequently electron-beam welded to 
target supports allowing direct water cooling of the backup plates. 

Elevated temperatures were obtained by substituting air cooling for water 
cooling. The dimensions of the target material were about 9 cm in 
diameter and 1 cm thick. 

The substrates were machined from OFHC copper and polisned and 

cleaned as metallographic samples immediately prior to assembly in the 
sputtering apparatus. Each substrate (mirror support) consisted of a 
central disc about 4 cm (1.520 in.) in diameter for optical polishing 

and a concentric outer ring about 1.4 cm wide for metallurgical and " 

analytical evaluation. The substrates were cleaned by ion bombardment 
(25 ma-min/cm at 100 volts) before deposition to promote good deposit 

bonding. The deposition was continued to an approximate deposit thick- 
ness of 0.2 - 0.3 mm. 

TTT^TTOTgren and E.D. McClanahan. "High Rate Sputtering of Stain- 
less steel, 3rd Symposium on Deposition of Thin Films bv 
Sputtering. Rochester. N.V., p. Eu. I%9. iy- 

{2) loni ^Tur00^™95  0f Fifth Inter"^ional rnnf..on.Q m 
m^&^^^^^  Munich 1961. North Holland Pub. Co.. 
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SPECIMEN PRFPaMTinu 

After deposUion. the central disc a„d the outer ring „ere 
eparated by mcMning,    7m_sUge ^.^ - 

teed surface for correction with the surface obtained hy op   c 

P0.ish,ng.   The outer rings „ere then sectioned for optlcll   . . » 

-taliograph, and .icnhardn-.s .easurenents.    Part 6 '   „ epos it        r        d .^ ^ ^^^^ and ^ J .eac^ou       r „g 

at      ft        r        MiCr0hi,rd"eSS a"d ^""^t, measurements „ere 

^ir.:rr :* T::-::;::::^::::6" ts at temperat^of 
tlvlt. to permit convenient co™^^ ""^ " ^^ 

EXPERIMEHTAl VARMBI |S 

The experimenta, variables investigated „ere composition sputter 
depos,t„n parameters, and substrate surface finish  r 

'• ^Ksitiort-T» dispersoids, silicon carbide and aluminum 
ox.de, „ere employed in OFHC copper. It „as originally planned 
0 investigate six levels of each dispersed, bu  p te 

discharge stability difficulties encountered in U       1n 

iz:^'com^—*»< -posiLns to :: 

thnn^ic^rt^ SeleCted t0 Pr0Vide a b^ '" "• -t nat btoichiometnc transfer nf th0 w,-. 
not obtained in either cast       '    COnSt1tUentS WaS 

et.ro, sputter deposit.on are the ^^^^ ^ 

of th,ckness/time). the substrate temperature, and the 
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electrical potential (e.g. bias) placed on the substrate during 

deposition. Since the deposition rate and substrate tempera- 

ture are interrelated in their effects on material structure, 

only the substrate temperature was varied. Temperatures of 

-20, 150 and 250oC were selected. The lowest temperature was 

obtained by circulating <20oC water in direct contact with the 

rear face of the substrate. 

Substrate bias voltages of ground (0 volts), floating 

(-20 volts), -50 volts, and -75 volts were selected to deter- 

mine effect on deposit properties. The application of a bias 

voltage was expected to modify conposition as well as structure. 

3- Substrate Surface Flnlsh-The standard surface preparation for 

the 0FHC copper blanks used in chis work was a metallographic 

polishing procedure concluded with a few seconds of electro- 

polishing. Two other conditions were examined in single depo- 

sition experiments-an as-machined (<32 AA) single-point tool 

surface, and a sputter-deposited and metallographically polished 
surface. 

The conditions under which each variable was examined are given ' 
in Table 1. 

TABLE 1. Deposition Variables 

Variable 
Examined 

Deposition 
Rate 

ym/mi n 

1.7 

Substrate 
Temperature 

(0C) 

Substrate 
Potential 

(V) 
Surface 
Finish 

Composition 20 

 \j-j.  

-20 Pol 
Sub Temp 1.7 -.- -20 Pol 
Sub Bias 1.7 20 -- Pol 

Surface Finish 1.7 20 -20 — — 

The compositions used for investuating the last three variables 

were either 1 vol% SiC and/or 0.5 vol% AO-. 

~7 - 



LAPPING AND POLISHING 

LAPPING 

The OFHC copper substrates (mirror supports) were polished as con 

ventional metal!ographic samples. Some substrates were checked for 

optical figure; they exhibited approximately six fringes convexity. 

The sputtered deposits (0.25 mm thick) were ground before final 

polishing in seven successive steps with decreasing diamond grit size. 

Grinding at each stage continued until marks from the previous stage 

were no longer visible at 40 X magnification. The grit sizes, approxi- 

mate time during each step, and the lap used in,each stage are shown in 
Table 2. 

TABLE 2. Grinding and Polishing Schedule 

Diamond Grit Size.   Approximate 
stage      herons Time. Min Lap Material 

1 30 io Mylar 

2 15 io Mylar 

3 15 15 Black Politex-D* 

4 9 15 Black Politex-D 

5 6 20 Black Politex-D 

63 30 Black Politex-D 

7           ! 60 Black Politex-D 

* Geoscience Instruments Corporation, Mount Vernon, New York 

The Politex-D is a dense, smooth, hard nolymeric polishing cloth 

with a slighly buffed and textured surface. Because of its small and 

uniform thickness (0.5 mm), it faithfully reproduces the figure of the 
lap. 
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POLISHING 

Initial plans called for direct application of the bo«l-feed tech- 
nique as used in production of supers^oth quartz surfaces to final 
surfanng of .etals. A „owl of -30.6 cm diameter. 8 « deep, st  less 
steel was assembled. aimsss 

slurr^fWTn ^ POliShed USln9 a p,'tCh ,ap and a ""'"'* slurry of 20 g of Earnesite per liter of water. Corroborating surface 

roughness measureraents indicated that BN« could duplicate the results 

fined by the Naval Weapons Center. Application of this proced  to 
the ™ rror deposits produced a visible tarnish. Use of a 1 gh  a e 
soluble cutting oil (Cool-Tex, as the basis for the slurry resulted i 

MgO a d Cr203 suspended in Cool-Tex. end a mixt„re of Cool-Tex and water 

were tned with ooth pitch and cloth 'aps; all produced negative resuUs. 

Background in polishing techniques at BNU resulted in trying a 
slurry based on India ink'1-) in conjunction „.^ , ^„^ ^ 

P. The pohshing results were found to be satisfactory although addi- 

tional develops will probably be required to insure complete repro- 
c tllty The polishing action is illustrated in the series of photos 

n Figure 1. Figure la shows the starting surface which resulted fron, a 

• nnnute polish of Sample 007 in a slurry of Cool-Tex and MgO on a 

afLtTD-'aP; ^ Ph0t0S ,b' ,C and 'd Sh0W the s-fa«s *"*  -suited 
after 2 m,n, 4 m,n and 9 min polishing in India ink at a 320x magnifi,-a- 

tjon^using a 0.35 NA objective. The final surface exhibited a roughness 

rrrlI^B??!ii?:Ti0J' [■«boratorv Journal of Au.traH«. „oi , „ ,,„ 

(2) J.D. Beardslev "Meta Mirmrc anH n^*-o u n 
Book Two A G  noa"   17   I  and.F^ts? Amateur Telescope Making. 
\UBt      *    '  ' l$! ed-' Scientific American. Inc., pp. 67-69, 
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t=4 min 
t = 9 min 

FIGURE 1. Observed Surface Changes with Polishing Time 
m India Ink. Sample 007 
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.. 

art,c,es caused a hl.h .cratch density. It „as found, hewev    a 

the Part^^s could be raa1nta,ned fn suspension by the addit , 'o 
weak a-on(um-bydroxide so,utio„ whicb increased the pH of t  . u ' 

The slurry found to produce the n,ost satisfactory results consist, „f" 
equal parts of India ink and distilled «ater «it 6        *  1 
ounce of solution. The slurry Is poured into the bowl and wTb 1 
tirred by the action of the paddle, one drop of a weak „„ionic 
etergent-water solution is added as a protector. The de     solu 

t,o„ „ of one drop of .vory liquid in ,„ m, ^ZT 

ITsZTlT mUSt ^ Peri0d,Ca"y ^"^ a"d "»'"*""'- 
Surface finish „as found to be sensitive to the pressure applied to 

he sables dunnp p„,ishi„g.    Initia„y> an effort was ^ t 
P 

«* pressure to avoid excessive heating of the metal.    Inadeguate 

w. ght   hoover, produced very poor surfaces.   The opti« pressure 

dete™,ne    for sa.pies polished during this phase „as about Sc * 
he P„„sh,ng tim was a,so found to be an .^^^ 9       • 

u :9t::of 9 minutes most consiste"^ ^< ^ -u. on 
ffic, nt , homogeneous. fine-grained .aterials. An extended polishing 

er od tends to produce snall pits and texturing on the surface  Th 
dene, is ,,1ustrated by compaHng Ffgure 2> Khich 5hows 

«"er 11 minutes polishing time, to Figure Id. 

cJalZ  !"ter Sta9eS 0f tMS PhaS0' the Süpp,l8r "f "^tex-D cloth 

:" i t%rttoM.pThtcT.They now produce a ™c,oth -* as Pontex-D.  This cloth is somewhat harder than the black 

wa? r?r:-!;nd n u not as sui'table for pollshi"9 ^ ^ s w  demonstrated by the apparent decrease in quality of optical 
surfaces produced in the last two months of this phase. 

A Higgins #4417 Drawing Ink 
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FiaURLi.   Surfac^of^ampU 007 After 11 „,,„ Polishing T1»,e 
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Efforts during this phase were directed primarily towards produc- 

tion of surfaces with ms  roughness of less than 20 A rmS in order to 

demonstrate the usefulness of sputtered materials. Consequently littl, 

work beyond the establishment of a minimally suitable polishing tech- 

nique was performed. Further work to refine and define the process is 
required. 

SURFACE EVALUATION 

SCATTERED LIGHT MEASUREMENT 

An instrument for the relative measurement of surface roughness 

based on light scattering from the surface has been assembled and used 

A detailed description of the instrument and typical data are given in 

Appendix A. Briefly, the intensity of He-Ne laser light scattered at 

an angle 9 by the test sample is compared to that scattered at 6 by a 

standard quartz sample provided by the Michelson Laboratory. China Lake. 

California. The standard exhibits a surface roughness of 10.83 A rms. 

Forward scattering measurements are made for 20° <9<750 from the surface 

normal at 5° intervals. The angle of incidence is 5°. 

A number for surface roughness is obtained by means of a simple 

analysis based on a theory presented by Bennett and Porteus.(1) Let 

ws (9^ and wn(9i) represent the ratio of light scattered into angle 9 

to specularly reflected light, by the standard s and sample n respec- 
tively. and let ^(9.) be the ratio 

wn 9. 
fi 9.) =  n. 1. 
nv iy  ^TeTT  • (1) 

TTOTTBi^ett and J.O. Porteus,  "Relation Between Surface Roughness 
and Specular Reflectance at Normal  Incidence," J. Opt. Soc   Am 
vol.  51, pp.   123-129, 1961. P     ■igcJL. 
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1 

It can be shown that, to first order, this ratio is equal to the square 
of the ratio of surface roughness 6 and 6 : 

D "    s 

Q W ■ (^ • 
n       The average value of ^(e^ is then found to be 

^—tin 

Q v^W". (3) 

U       where m is the total number of angles at which data were taken. The 
sample roughness is then estimated by 

6nVV6s  • (4) 

Corroborating measurements at Michelson Laboratory have verified this 
technique. 

Additional infomation can be obtained from the angular distribution 
of scattered light. Plots of ^(o) versus e for samples with roughness 
less than 35 A exhibit at least two maxima, usually near 9 = 35° and 

9 - 60°. These scattering maxima can be related to periodicities in the 
surface by the grating formula 

sin92 - sin91 ' (5) 

where A. 92. 9^ and A represent the spatial wavelength in the surface, 
the scattering angle at a maximum, the angle of incidence, and the wave- 
length of the incident light, respectively. In the BNW instrument 

^ =  5° and X = 6328 Ä. BNW data, therefore, indicate dominant periodic- 
ities near A = 1.3 ym and A = 0.8 ym. At this time it is not known if 

the periodicity is due to material characteristics or if it is a result 
of the polishing procedure. 
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SURFACE PROFILE BY OPTICAL HETERODYNE 

As part of the investigations of surface evaluation techniques, a 

theoretical analysis with preliminary design and estimated cost for an 

optical heterodyne surface profile instrument was made. This study is 

included as Appendix B. This approach appears to be feasible and an 

instrument of this type should yield surface profile information on the 

atomic scale. Further, an independent presentation^ has since been 

given in which the operation of such a system has been demonstrated. 

NOMARSKI DIFFERENTIAL INTERFERENCE CONTRAST MICROSCOPY 

Differential Interference Contrast (DIC) microscopy had been identi- 

fied in the original work plan as a method for evaluating polished sur- 

faces. Although the method had been used in the past for examining 

polished surfaces, it had never been employed to examine metallic sur- 

faces of <20Arms roughness. Very early in the work, while establishing 

polishing procedures for quartz, the DIC method was found to be very 

powerful in revealing textures on polished surfaces having a roughness of 

<20 Ä rms. DIC microscopy was used continually diring the development of 

the BNW polishing process. It became the primary evaluation tool prior 

to completion of the scattering instrument and calorimeter. 

Nomarski DIC micrographs were made of all surfaces prepared during 

the first phase. A standardized magnification of 320X was used for all 

specimens. A Zeiss ultraphot microscope was used with a 16X Epiplan 

objective of 0.35 N.A., because this objective provided the best con- 

trast. Objectives were used at nearly full aperture to obtain highest 

resolution; the field stop aperture was reduced to the minimum permitted 

by the plate scale to maximize contrast. 

TT)L.J. Laub, "Acousto Optical Profilometer Suitable for Rapid Display 
of Surface Topography," Presented at Electro Optics Conference, 
New York, N.Y., September 1972. 
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DIFFERENTIAL CALORIMETER 

A twin-type calorimeter was designed, built and calibrated to make 

accurate measurements of the absorbed power when the test mirrors were 

illuminated with 10.6 ym electromagnetic radiation. Details of the 

design and calibration are given in Appendix C. 

After the mirror is mounted in the test cell of the calorimeter and 

the system has reached thermal equilibrium, a Coherent Radiation Labs 

(CRL) Model 42 C02 laser is turned on and allowed to stabilize and the 

output beam is intercepted by an electrically controlled shutter. The 

shutter is then opened and the laser beam illuminates the central por- 

tion of the test mirror. Reflected energy is measured by a CRL Model 201 

power meter positioned at 3°47' from the mirror normal. By adjusting 

the exposure time and laser output power, each measurement is made to 

correspond to approximately 3 joules of absorbed energy in the sample 
mirror. 

Data are reduced by planimeter integration of the rhart records of 

both the time versus temperature history of the calorimeter and of the 

reflected power versus time curve observed on the power meter. The 

calorimeter calibration constant was detennned to be 0.4799 ± 0.01 joules/in 2 

of the calorimeter chart. The calibration of the power meter chart is 

checked on each exposure. For Ea(Er) as the absorbed (reflected) energy, 
the absorption a is given by 

E 
a 

Ea+Er ' (6) 

The reflectivity is then given by R - 1 - a. Good agreement between BNW 

results and total reflectivity measurements at the Michelson Laboratory 
were obtained. 
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METALLURGICAL EVALUATION 

The microstructure, hardness and electrical conductivity of the 

sputtered deposits were sensitive to composition and substrate tempera- 

ture; they were less sensitive to substrate bias. The variation of 

microhardness and electrical conductivity with composition (expressed 

as von dispersoid) is shown in Figure 3. Two hardness values are shown 

for the 0 vol% dispersion deposits, i.e.. 70 and 230 DPH. The lower 

value was obtained after the deposit had recrystallized. Recrystalliza- 

tion of sputtered copper at room temperature has previously been 

observed   but only in deposits formed with >-50 volts bias on the sub- 

strate. The higher hardness value was obtained on a second 0 voU 

deposit within a few hours after completion of tie  deposition and before 

recrystallization. The 230 DPH hardness in this pure copper deposit is 

attributed to its unrecrystallized microstructure, i.e., fine-grain 

size, high-defect density, etc. Considering this value, the major 

effect of adding dispersoid then, is to prevent room temperature recrys- 

tallization in the deposit. The increase in the hardness associated 

with the increasing dispersoid content was only about 90 DPH, i.e , 230 
to 320 DPH. 

It would appear from the data in Figure 3 that the smallest addi- 

tion (0.25 vol%) of either dispersoid was sufficient to prevent recrys- 

tallization; this was true for the period of a week between the deposi- 

tion and the hardness measurements. However, later re-examination of the 

0.25 and 0.50 vol% deposits indicated that partial recrystallization had 

occurred. Under the present deposition conditions, between 0.50 and 

1.0 von  dispersoid was required for long-term stability of the 
as-deposited grain structure. 

It was not possible to prepare a sample of pure sputtered copper for 

electrical conductivity measurement before ihe material recrystallized. 

ÜT J.W. Patten, et al.. "Room Temperature Recrystallization in Thick 
Bias Sputtered Copper Deposits," J. Appl. Phys., vol. 42. 
pp. 4371-4377, 1971.  ^ JL- 
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Electrical Conductivity and Microhardness of Sputtered Copper- 
Silicon Carbide and Copper-Alumina Versus Volume Percent Dis- 
persoid—All Deposits Were Made on Cold (=20oC), Electrically 
Floating Substrates at Approximately Equal Rates. Data Refer 
to the As-Deposited Condition; See Text for Discussion of 0 
vol% Data. 
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It is believed, however, that the same type of separation of pure disper- 

sion effects and microstructure effects (prevention of recrystallization) 
would apply. 

The effects of changing substrate temperature and bias voltage on con- 

ductivity and microhardness are shown in Figures 4 and 5. These variables 

were investigated at the (constant) composition levels of 1 vol% SiC and 

0.5 von Al203. For the temperature experiments, the substrate was 

electrically floating («-20 V bias). Increasing the temperature resulted, 

as expected, in a conductivity increase and hardness decrease via an in 
situ annealing process. 

The effects of variation in substrate potential were less pronounced. 

The application of negative biases of -50 and -75 volts increased the 

conductivity 5 to 10%; there was no significant difference between sam- 

ples deposited at ground (0 V) and floating (-20 V) potentials. These 

results can be explained by the effect of a negative bias applied during 

deposition in reducing the dispersoid content in the deposit. This has 

been observed by others in impurities and alloying elements.(1'2'^ The 

corresponding changes in microhardness were small and inconsistent. 

Metallographie examination indicated that the grain size of the 

deposits containing SiC varied inversely with composition and directly 

with substrate temperature (Figure 6). Such variations were not observed 

with changing bias voltage. Variation in grain size in the deposits con- 

taining Al203 could not be related to any of the deposition parameters. The 

lack of correlation may have been due in part to an involuntary variation 

in deposition rate. Lower deposition rates had to be used in order to 

reduce the arc discharge instabilities. The arcing frequencies were par- 

ticularly high using high percent A1203 targets. 

m    Vacuum"!^; U^TÜW.  ^ ^"^ *"* ^^^'" 
(2) New'Yo?k!SN!^h|%b! 0f Thin n]m Vn^-HI' P-  228' Academic. 
(3) S.D. Dahlgren/A.G. Graykeel,  "Reduced Nickel Concentration in 

vol    J?,6" ml]  Un^ fr0m BiaS SPlJtterin9'" sL APPI.  Phvs.. 
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FIGURE 6- ! vol% SIC Deposited on a Cold. Electrically 
Floating Substrate 

Typical microstructures of the deposits containing SiC are shown in 

Figures 6 to 8. All deposits had the columnar grain structure typically 

observed in metals sputter-deposited at low to moderate substrate tem- 

peratures. The variation in grain size with composition and substrate 

temperature can be seen by comparing Figures 6, 7 and 8; the numerical 
data are plotted in Figure 9. 

It was not possible to positively identify the dispersoid particles 

on the micrographs. This could be the consequence of one or more factors, 

1) The typical diameter of a dispersoid particle could be less than 

the resolution of the two-stage plastic replica, 100 to 200 A. 

2) The dispersoid could be distributed largely in the grain bound- 

aries, and thus, not be visible due to the etching behavior of 
the boundaries. 
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3) The dTspersoid constituents could be retained in solution in the 

copper matrix. Although this is a reasonable possibility in view 

of the high deposition rates, no changes in the copper lattice 

parameter were observed. At least in the case of Cu-Al, such 

changes would be expected as a consequence of solution formation 

In CU-ST. such changes are of the order of lO"3 A at.%. therefore 

they are not useful to monitor solution behavior. 

The as-deposited hardness values and electrical conductivities were 

both much lower than anticipated on the basis of previous experience with 

similar systems. The principal difference between the present and the 

earner work was the much higher deposition rates in the present case 

S^nce high deposition rates promote the formation of solid solutions a 
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FIGURE 8, 

i— 2.5 ym —i 

1 vol% SiC Deposited on a 250oC, Electrically 
Floating Substrate—The Larger Grain Size 
Resulted from the High Substrate Temperature 
(Compare Figure 9). 

heat treatment study was performed. If the heat-treated samples exhibited 

increases in hardness and conductivity, the low values for these properties 

in the as-deposited condition would be accounted for. Also, the properties 

of the mirror material could then be optimized by duplicating the heat 

treatment. 

The results obtained are shown in Figure 10 (SiC containing samples) 

and Figure 11 (A1203 containing samples). The only samples which exhibited 

significant age hardening were the 3 and 5 vol% SiC deposits. These did not 

not show a corresponding change in conductivity. No other samples showed 

property changes of the magnitude expected for precipitation from solid 

solution. 
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ALUMINA 
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200        350      475      600 
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FIGURE U- electrical Conductivity and Microhardness 
of Copper-Alumina Deposits Versus Temperature 
or Heat Treatment (one hour at temperature) 
—Numbers on the Figure Indicate Vol% Alu- 
mina. No Age Hardening Behavior is Observed. 
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900-c t L r ;    pos,'ts containi"9 sic wre hMt tr"^ ^ 
ttn  , Tl ' PreSenCe 0f SK 1n ™W*<i fom by X-ray diffrac 

,„ th. 3 and 5 vo» SiC deposns. S1C refactions Le bs vT 
.Pi  r.c.1v1„g beat treatment Up to 600»C sbowed no refactions ot er 

han tbose ^dexab.e as copper. Äppare„tly the )ower heat.treatm n 't m 
erases produced a sraa„ SIC particle size wblcb resolted In 11.1- 

-ng of tbe x-ray refactions, and thus. made Identification difficult 

The presence of a dlspersold Is clearly indicated by the absence of 
s>gn,f,cant grain growth during heat treats at 900=C. The effee 0f 
an n,o ubl. dlspersold 1„ retarding grain growth can be seen tylol 

to 900-C for one hour. SaraP,eS Were eXp0Sed 

The nominally pure copper san,ple was heat treated, not only for a 
gra,n growth ccparlson. but also In an atte.pt to Increase the co1 t1v1ty 
bove the so^what disappointing SOX  IACS l.v.l. No Increase In co u   ' 

tlvlty was observed, apparently bera„« «,. -„.„. .- i pr.clolt.t.H t  .  PParentiy. because the conductivity was limited by 
re p,tat d krypton gas. «hat are believed to be gas bubbles are visible 

fn the h,gh magn,ficat1on micrograph In Figure 13, It may be noted t .t th. 
gra,„ boundaries are preferred locations for bubbles. T 1 co ctr  o ^ 

e::::9ra1:boundariescan***"*"*^^**o" 
beL9:: ;;::;—- -" * ^.u  in reduced contact area 

CORREUTION OF EXPiMHEHTAUMIABLES AND METAII URGICAI 
CHARACTERISTICS WITH OPTlrAL PERFORMANnF 

n1r.1
TVSCl!,t'te the COrre,atio" °f  experimental variables and metallur- 
1 characteristics with optical performance, all pertinent data 

embled ,„ Table 3. In general. the surface roughness, as measur d bv 

nca :::T CO^ not be corre'ated with ** * «* ^^— 
a f c  r0-0"6 baS,S- " iU™* M°«' ™*  - —need by 
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TABLE 3. Composition, Experimental Variable, 
Property and Performance Data 

Conposltlon 
volX SIC 

Mmstratf 
Tenp. 
»c 

; Substrati 
Bias 
V 

Hardness 
DPH 
 35« 

Iraln Size 
m 

Flectrical 
Conductivltv 

%  IACS 
35  

Surface 
Roughness 

A ms 
19 

Absorption 

n.zn ?n -W n.c - 
0.50 20 -20 267 0.5 38 > 34 1,00 20 -20 279 0.3 25 > 20 1.65 n.oo 20 -20 293 0.3 21 > 17 3.00 20 -20 293 0.2 16 12 2.53 5.00 20 -20 324 0.2 10 13 

1.00 20 -20 279 0.3 25 > 20 1.65 1.00 150 -20 251 0.6 25 
1.00 250 -20 193 0.8 35 > 20 1.31 

1.00 
1.00 

20 
20 

0 
-20 

260 
279 

0.3 
0.3 

27 
25 

11.7 
> 20 

1.67 
1.65 1.00 20 -50 278 0.2 29 10 1 71 1.00 20 -75 269 0.3 33 14 1.51 

Composition 
vol^ Alo03 

0.25 20 -20 228 0.3 45 12 1.15 
0.50 20 -20 261 0.4 32 21 1.15 
1.00 20 -20 282 0.4 23 17 1.28 

0.50 20 -20 261 0.4 32 21 1.15 
0.50 150 -20 0 0.5 51 
0.50 250 -20 0 0.5 64 «•« -- 

0.50 20 0 296 0.5 34 24 
0.50 20 -20 261 0.4 32 21 1.15 
0.50 20 -50 263 0.3 43 
0.50 20 -75 250 0.3 46 — -- 

0.00 20 -20 72 25-40 74 10 0.90 
0.00 20 -20 60 30-40 00 > 20 0.88 
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1) Composition-Surfaces with roughness of less than 15 A rms were 

produced on both alumina and silicon carbide-bearing deposits. 

Although the roughness values obtained were not related to the 

volume percentage of dispersoid. the surfaces produced on the 0 25 

and 0.50 vol% SiC deposits were rougher than those on deposits 

with higher contents. This may be related to partial recrystal- 

lization in the deposits. In the alumina-bearing samples, on 

the other hand, the smoothest surface was obtained with only 

0.25 vol% Al203. It should be remembered that all compositions 

given are nominal, since the analytical work is still in progress. 

2) Substrate Temperature-Any variation of surface roughness with 

substrate temperature was obscured by the loss of all but one 

elevated temperature sample; one sample was lost through delamin- 

atlon of the deposit and two others were lost by the accidental 

deposit removal by excessive grinding. The remaining sample had 

a high roughness value. The observed relationship between smooth 

surfaces and fine-grain structure together with the known varia- 

tion of grain size with substrate temperature, permit the conclu- 

sion that low substrate temperatures are desirable. 

3) Substrate Bias-No consistent dependence of surface roughness on 

substrate bias was observed. In the silicon carbide-bearing 

samples, roughness of less than 15 A rms was obtained at three 

out of four (0. -50, -75 Volts) of the bias levels selected 

The floating substrate (-20 V) sample had a higher roughness 

value. The alumina-bearing samples with applied potentials 

(-50, -75 Volts) were lost by accidental deposit removal by 
excessive grinding. 

4) Substrate Surface Roughness-0n the basis of the three deliberate 

experiments performed, it was found that the smoothest final sur- 

face was obtained by depositing the hardened material on the 

smoothest possible substrate. This conclusion was corroborated 
by other BNW experience. 
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Attempts were made to relate the optical properties of the 

polished deposits to their metallurgical characteristics: microhardness 

9ra,„ size and electrical conductivity. No relationships between micro- 

hardness and surface roughness were observed; however, all samples with 

< 5 A rms roughness had a hardness of 225 DPH or greater. A linear rela 

ton was not obtained between grain size and surface roughness; however, 

al samples with <15 Ä „s roughness had grain diameters in the range of 

0.2 - 0 4 um. Only two samples which had such a fine-grain size failed 

to develop a surface with <15 « rms roughness. Values of grain size and 

nncrohardness can be specified which will pennlt the attainment of very 

smooth surfaces, but variation in either polishing procedure or an   ' 

unmeasured material property may prevent such a sample from developing 
a good surface. 

A linear correlation was established between the electrical resis- 

tmty and the percent absorption at 10.6 um, (Figure 14). The measured 

absorption values were in fair agreement with values calculated from the 

resistivity according to the modified Orude theory,'1' but they were 

typically 5 - 10« lower. The difference may be due to a lower resis- 

t.vuy in the surface layer of the deposit due to relaxation of stress 

decrease of 10« in the resistivity could reasonably occur in the period 

1-4 days) between the preparation of the final surface and the absorp- 

tion measurement. Alternatively the bulk resistivity might have decreased 

a few percent In the 8-10 weeks between the resistivity measur^nent and 

the absorpt,on measurement. However, such a decrease would have been 

greater in the lower dispersold content deposits which had relatively low 

resistivities. Thus, the discrepancy between measured absorption and 

that calculated from the resistivity would have been greater at the lower 
resistivities; this was not observed. 

ÜT 
Sil JT^ LnH fl

JiM-.Bennett'  "Validity of the Drude Theory for 
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^:J   r fi ari5 ^M-.Bennett.  "Validity of the Drude Theory for 
Silver, Gold and Aluminum in the Infrared," Optical  Properties and 

ur0m'JtrUCture of Meta1s and A110^ North Hol lanS, Amsterdam, p.   i/o,  lybb. 
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CONCLUSIONS 

The conclusions reached concerning desirable material characteris- 

tics, and the depotition parameters necessary to attain them, together 
with qualifying comments are presented here. 

1) The material  should have a very fine grain structure 
(<0.4 ym diameter). 

2) This grain structure should be stable with respect to recrys- 

tallization for long time periods at expected handling and ser- 
vice temperatures. 

3) With the dispersion hardening approach of meeting the charac- 

teristics of 1  and 2 above, the composition and deposition 

parameters should be such that a minimum microhardness value of 

230 DPH be attained.    It cannot be determined from the present 

results whether a higher hardness would be desirable. 

4) No significant difference in polishability was observed between 

deposits hardened with alumina and those hardened with silicon 

carbide.    However, the deposition behavior of the latter was 

more favorable, so silicon carbide will be used in continuing 
work. 

5) Deposition parameter values favoring the development of a fine 
grain structure are: 

a. Composition:    High % dispersoid 

b. Deposition rate:    High 

c. Substrate temperature:    Low 

6) Deposition parameter values favoring the stability of a given 
grain structure are: 

a. Composition:    High % dispersoid 

b. Deposition rate:    Low to moderate 

c. Substrate temperature:    High 

d. Substrate bias:    Ground or floating 

7) The thermal conductivity of the deposit will decrease with 

increasing vol% dispersoid.    Since the energy-handling ability 
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of a mirror with a given reflectivity depends on its heat dis- 

Stpatlon. it is desirable to use no more dispersoid than nec- 

essary. This consideration becomes more important if the 

dispersion hardened copper is to be used as a structural part 

of the mirror rather than as a thin coating. 

8) The quality of the final polished surface depends to some 

degree on the quality of the as-deposited surface. Growth 

defects occur as a result of either particulate matter on the 

substrate or the effects of electrical arcs during the deposi- 

tion. These defects contain and are sunounded by metal with a 

different character than the bulk of the deposit. The differ- 

ent character, which involves qualities such as porosity, weakly 

bonded interfaces, defect density, etc.. manifests itself 

through accelerated polishing and/or etching rates. Such defects 

should be minimized to prepare the smoothest possible polished  ' 
surfaces. 

9) Given present sputtering equipment, a deposit with fewer growth 

defects can be made at a low deposition rate (e.g. 2 ym/min) 

rather than at a higher rate. The difference arises from the 

effect ot voltage and current level on the frequency and inten- 

sity of arcing and from the ability to use transistorized cur- 

rent limiters in place of vacuum tube limiters when the target 
voltage is low (<500 V). 

5e,. r.T 'f * 0f the '^ COns1d8™,°"- the parser values 
selected for further work are: 

Composition: l.o vol% silicon carbide in copper 

Deposition Rate: 2 pm/min 

Substrate temperature: <50oC 

Substrate bias: 0 or -20 volts 

Substrate surface: Metallographic polish plus brief electropolish 
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RESEARCH IN SECOND PHASE OF PROGRAM 

HIGH CONDUCTIVITY OVERLAYFR 

The principal goal of the second phase will be to determine if a 

thin sputtered copper overlayer (1000 - 2000 Ä) will result in increasing 

reflectmty of the mirror to a minimum of 99.3%. Such results have been 

achieved   on low roughness surfaces (^15 Ä rms) by UHV evaporation of a 

copper overlayer. Depending on the results obtained from sputtered 

layers, UHV evaporated layers may be employed. 

DISPERSION HARDENED DEPOSE 

Further evaluation of the deposits already made will continue to 

include neutron activation analysis for accurate determination of the 

deposit composition. Dispersion stabilized deposits will also be made 

and characterized on mirror supports of TZM, Mo and BeCu. 

LASER DAMAGE 

Experiments will be initiated to determine the extent and character 

of damage produced on mirrors with overlayers by their exposure to high 
energy laser pulses at A = 10.6 ym. 

REFLECTIVITY ENHANCEMENT COATINGS 

Work will be inititated on A/4 reflectivity enhancement coatings at 

a t^e dictated by the progress made on high conductivity overlayers. 

The selection of dielectric materials and an associated deposition tech- 

mque will be made on the basis of a review of technology conducted dur- 
ing the second phase. 

vT)FTT. Bennett, private communications. 
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APPENDIX A 

RELATIVE SCATTERING INSTRUMENT 

INTRODUCTION 

A scattered light measuring instrument was built and tested. It 

is not an absolute measurement device, because it relies on a refer- 

ence surface of known roughness. It consists of a sample holder in 

which two mirrors can be mounted and moved into the beam of light. A 

1 MW He-Ne laser impinges on the mirror at 5° from normal. The light 

scattered into an 8° cone is gathered by a photomultiplier and measured, 

The center of the cone can be scanned through an arc 75° from normal. 

An additional measurement of the incident and specularly reflected 

light is made by using a beam splitter, a shutter arrangement and a 

Phototransistor circuit. These measurements are made for a standard 

and a test mirror. The accepted formula for scattering from a rough 

surface with Gaussian statistics can then be used to find the rms 

roughness of the test mirror.'1^ 

SYSTEM DESCRIPTION 

Figure A-l is a system diagram for the measuring instrument. The 

lens and ground glass screens in the specular and incident measuring 

circuit are used to negate measurement variations due to a lack of 

perfect parallelism between the standard and the test mirror surfaces. 

A slight shift in the specular direction causes negligible change in 

light level at the phototransistor because (1) the lens focuses on 

almost the same spot on the first ground glass screen even though the 

direction of the incident ray changes and (2) the two ground glass 

screens scatter the light uniformly in spite of small changes of inci- 
dent direction. 

(1) H.E. Bennett and J.O. Porteus. "Relation Between Surface Roughness 
and Specular Reflectance at Normal Incidence." J. Opt. Soc. Am.. 
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FIGURE A-l. Schematic Diagram of Relative Scattering Instrument 
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The incident and specular light measurement circuit itself is 

shown in Figure A-2. It consists of a MRD 3056 phototransistor 

connected to an LM-301-AN integrated circuit operational amplifier. 

The sensitivity of this detector is 0.4 so that a 1% change in 

intensity is easily measured. 

The scattered light measurement circuit is shown in Figure A-3. 

An EMI 9658R photomultiplier tube with a Phil brick Nexus 140802 

operational amplifier built into the tube socket provides ample 

sensitivity for these measurements. It was found that 800V was a 

sufficiently high voltage to operate the tube at high signal-to- 

noise ratio. So far. it has not been necessary to use a lock-in 

amplifier. The signals go to a strip chart recorder directly from 
the system. 

Since the instrument does not measure absolute values, the ratio 

of scattered light/specular light is used. This necessitate; a divi- 

sion operation. Since this can become tedious when many runs are 

made, an analog divider (Philbrick Q3-M1P multiplier-dividerj is used 

to obtain the ratio of the two outputs. This ratio is then recorded 

on a strip chart recorder as a function of scattering angle. Data are 

reduced according to the analysis given in the text. 

Reduced representative scattering data are shown in Figures A-4 to 

A-7. Experience with the instrument led to the following standard pro- 

cedure. Each sample was first provided with reference marks separated 

by 90° in the plane of the sample. A horizontal scan was obtained 

along the arbitrarily chosen axis with the PM tube fixed at e = 25° by 

manually sliding the sample under the incident beam a distance equi- 

lent to the sample width. Thus, a position producing minimum scatter- 

ing was chosen. The PM tube was then moved through 20° <e<750 and the 

data recorded. The sample was then rotated 90° and the procedure 

repeated. Sample data. thus, produced are compared to those obtained 

from the position of minimum 25° scattering from the standard. Posi- 

tions at which data were taken are indicated on the figures. 
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FIGURE A-3.    Scattered Light Measurement Circuit 
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Figure A-4 shows scattering data obtained on Sample 005 (1% STC 

50V bias) over the period from September 6. 1972 through October 2 1972 

Dunng the interval the sample was stored in a nonvacuum dessicator 

jar. The0surface roughness of this sample increased from 10 A rms to 

about 15 A rms during this time period. This behavior was found to be 

typical of the smoothest surfaces produced, as evidenced by the results 

shown in Figure A-S for Sample 007 (0.25% SiC, floating). The surface 

changes could be detected on Nomarski DIC photographs, but the identity 

of the surface contaminant and the detailed mechanism of degradation 

is not known at this time. In some cases the initial surface roughness 

could be restored by washing in Ivory detergent and cold water. More 

experience must be gained to determine the nature and the cause of both 

revemble and irreversible surface degradation. 

Figure A-5 also shows the range in spatial wavelengths of surface 

periodicity indicated by the observed angular distribution of scattered 

light. The wavelengths are derived from Equation b  in the text. 

Figures A-6 and A-7 are typical of scattering results obtained from 

some samples exhibiting a rougher surface. Although numbers for surface 

roughness are indicated on these graphs, the actual rms roughness is 

probably greater than that shown. The approximations used in the 

analysis are suspect in situations typified by Samples 014 and 017 

Until corroborating data on rough samples are receive* the instrument 

will be used only as an independent indicator, providing verification 
of Nomarski DIC results. 
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APPENDIX B 

THEORETICAL ANALYSIS, PRELIMINARY DESIGN 

AND ESTIMATED COST FOR A LABORATORY DEMONSTRATION 

OF AN OPTICAL HETERODYNE SURFACE PROFILE INSTRUMENT 

INTRODUCTION 

us^d L r   Pr",C'P'e 0f the 0pt1ca' heterod^e ""»rf.romt.r 
used for the measUreTOnt of surface vibrations Is „el! described by 

Massey    vibrations with a.piitudes of 0.02Ä have been measured 

wUb this technique; the theoretical capability Is at least one order 

of nagnuude better io.002A) ß)   The adaptation of this technique to 
surface profile measurement in the same range of amplitudes is des- 

cried ,n a paper presented to the Interagency Mechanical Operations 
Sroup (IMOG). Subgroup on Gaging Meeting No. 33, June ig72.(3) 

GENERAL PRIwriPLE OF OPFWTTnn 

is J.TJ'T  f"terfer0meter is Sketch^ '" "jure B-l. A laser beam 
s passed through an acoustic Bragg cell driven at 25 MH2. The result 

is two light beams, one at the original optical frequency and the 

TJnZlT?:!by h
the 25 MH2 dn'vin9 ffeque"cy-The u'-shi™ ^- is d ffracted through the angle a - s^hm „here x H  the  t,c„ 

wavelength and A is the acoustical wavelength. This angle allows the 

two beams to be easily separated by the wedge beam splitter or prism. 

One beam Is focused onto the sample. The reflected light is gathered 

I. G.A 
£•"•. "assey, "A baser Instrument for Vibration Measurement " 
Optical Spectra. January/February igeg.     "easurement, 

mne lechmque, IEEE Transactions SU-15. vol. 186, 1968. 

3- ^S^^-^TI^^X % Gä:-' 
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by the same optical system „sed to focus the beam and diverted to a 

Photodetector. The other beam is directed to the photodetector 

d.rectly. The sqUare-1aw behavior of the photodetector results in an 

electronic signal centered around the microwave frequency. A vibra- 

tlon of the sample will impose a doppler shift on the sample beam 

resulting in a shift of the frequency of the signal; this can be 
related to the amplitude of vibration. 

Surface profile measurement using this technique induces the same 
t'P. of effect on the sample beam by translation of the sample It 
the beam. If, for example, the surface were corrugated with a 

sp.tl.1 period a. then a translation velocity of v would result in a 

s.gnal frequency shift of v/a, the amplitude of which is proportional 

o the depth of the corrugation. Thus, such a device would need to be 

followed by an electronic frequency tracker to provide the necessary 

measurement. For rough measurements, the signal could be fed to a 

spectrum analyzer; the display would graphically show the amplitude 

istrlbutlon of the surface corrugations as a function of spatial 
frequency. K«*"«I 

OPTICAL SYSTEM 

The optical system must be designed so that the two beams 

-Pinging on the photodetector are matched in curvature and direction. 

If th1s is not done, different regions on the photodetector will 

observe the signal with different phase shift., with the result that 

the current output will be attenuated. In order to compensate for 

^regularities or vibration of the translation stage, the reference 

beam should also be directed onto the sample or a reference rirror 

mounted on the stage. This beam should be defocused so that it is 

not affected by the roughness but only by the vibration. 

Ideally, the reference beam should cover the same region on the 

sample on which the sample beam is focused. However, the optics 

evolved become quite complicated; hence, the separate beam approach 
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described above will be tried. Hopefully the translation stage will 

vibrate as a unit with no relative rotational motion. A sketch of the 

proposed optical system is shown in Figure B-2. The optics are 

arranged so that both return beams are collimated. The microscope 

objectives are identical (within manufacturing tolerance) so that the 
return beams will be matched. 

RESOLUTION 

The spot size of the focused beam is expressed as 

d = 2.44AF 

where F is the f-number of the lens and d is the diameter to the first 

dark ring of the diffraction spot. This formula assumes a uniform 

field across the entrance pupil. The transfer function of such a sys- 

tem is low-pass with sharp cutoff at the spatial frequency of f0 = 1/2AF. 

Thus, for an F-l objective and A = 6328Ä. spatial periods of l/f0 = 2AF 

= 1.26 ym can be resolved. Corrugations with smaller period will not be 
seen. 

Since a laser beam does not have a uniform spatial amplitude dis- 

tribution, the resolution is not as shown above. The spot size for a 

Gaussian profile entrance beam can be written as 

■rr 

where d is now the diameter at which the spot intensity falls to 1/e2 

of maximum. Since, the Fourier transform of a Gaussian function is 

also Gaussian, no sharp cutoff in spatial frequency occurs. However 

the effective bandwidth will not be much different than before, but 

the higher spatial frequencies will be attenuated. This will have to " 

be taken into account in the signal processing; that is. gain compen- 

sation will need to be performed at the higher frequencies. This can 

easily be done by electronic filtering. 
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DEPTH OF FOCUS 

The depth of focus for the spot Is also of interest. An expres- 

sion for depth of focus is 

D = 2XF2 

where D is the distance along the optical axis for which the intensity 

remains within b0% of maximum. For our example, D = 1.26 ym. This 

does not become a problem, because the research only necessitates work- 

ing with surface variations of less than A/2 = 0.3 ym. 

EFFECT OF SURFACE SLOPE 

A corrugated surface presents certain problems different from 

those presented to a vibration measurement application; namely, as the 

sample is translated past the beam, the surface normal changes direc- 

tion. Thus, the reflected light changes in direction with a possible 

loss of collected light. A simple calculation can be performed to 

ascertain this effect. 

The maximum slope presented to the light beam is s = 2TTf0a with 

the amplitude of the surface corrugation. 

Since s = tan 6, with 0 the angle the surface makes with the 

horizontal plane, the angle the surface normal makes with the optical 
axis is 

6 = tan-1 Ua/XF). 

for our example this becomes 

6 = tan"1 (5 x 10"4a). 

The acceptance angle of the microscope objective can be written as 
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Q 

tan"1 1/F 

= 45° for F = 1 

If the angle 9 is small with respect to acceptance angle 0, no 

significant problem with slope variation will be expected. This idea 

can be written as the inequality 

Q ~ ira «1 
9  XF 

or a « XF „ A. 

We have assumed tan 6 = 6. 

Since the aim of the research is to measure surfaces with rough- 

ness in the neighborhood of 10"2X or less, the surface slope will not 

affect the measurements to any appreciable extent. If the instrument 

is to be used on much rougher surfaces, special collecting optics will 
need to be designed. 

DISCUSSION 

The optical system required is quite simple, consisting of a 

Bragg cell, two microscope objectives and a number of beam splitters. 

An additional component may be needed—a directional coupler to prevent 

the reflected beams from returning to the laser. This can be done with 

a quarter wave plate and calcite prism and should offer no problem. 

It will be done only if laser fluctuations due to interference with 

the reflected beams are observed. 

An F-l lens offered the capability of resolving spatial variations 

of 1.26 um. If greater resolution is required, it may require the use 

of oil immersion lens systems. In this case the f-number may decrease 

to as little as F-0.36, giving a resolving capability of 0.45 ym. 

Particularly with the immersion lenses, the use of these low f-number 
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lenses presents practical problems such as short working distance. 

The typical F-l lens, for example, has a working distance of about 

1.6 mm. whereas the typical F-0.36 lens will have a working distance 

of only 0.1 mm. This is large on the scale of roughness but small on 

the scale of mechanical construction of the sample stage and lens 
mounting. 

ELECTRONICS 

The input to the electronic measurement system is 

i(t) = C1 + C2 cos 2*fmt + Mt) m 

where 

fm = rf modulation frequency 

Mt) =^Z(t) 

Z(t) = deviation of the surface from a datum plane. 

Let Z(t) be one Fourier component of the roughness, namely 
sin Zvf^t.    Then 

i(t) = C1 + C2 cos 2ufmt+^asin27rfit 

)■ 

This can be expanded in a Bessel function s enes 

i(t) = C1 + C2 Jote cos 2.fmt + 

00 

n= 
00 

5   ^(^-^(f.-nf.t). 

rrK^V^H 
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For small argument 

Jo(x) - 1 

Jl(x) = x/2 

Jn(x) = 0 for n >1 

Hence 

Kt) ~-C]+C2  |cos 2.fmt +  2ji [cos g,^ + fij t_cos ^  . fiJtj 

This represents a signal centered on fm with two sidebands at 
fm + fi; the amplitude is a direct measure of the roughness 

amplitude. Thus, the electronics simply serve to isolate one of the 

sidebands, track its frequency and measure its amplitude. The frequency 

spread and consequently, the bandwidth of the system is determined by 

the spatial bandwidth of the optical system, the spatial spectrum of the 

surface and the velocity of translation. Assuming the spatial spectrum 

of the surface to be greater than the optical bandwidth, the resulting 
frequency bandwidth is 

B =vf- = jjr 

where 

v = velocity of scan. 

A scan velocity of 1 mm/sec. for our example, yields a bandwidth 

of 800 Hz. The bandwidth, in turn, limits the sensitivity of the ampli- 

tude measurement since it determines the noise allowed into the system. 

If it is assumed that a signal-to-noise ratio of one is acceptable, the 

following equations can be used to obtain 
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hcXB ^1/2 
Z . 
mm 12, 

> nP. 

where 

h = Planck's constant 

c = velocity of light 

n = quantum efficiency of the detector 

Po ■ laser power 

For typical values, n = 5 x io"2, p = i MW we obtain 

Zmi.n = 3.8 x 10-3 A 

Higher laser powers are easily available, 500 MW from an argon ion 

laser is common. This would increase the sensitivity by more than an 
order of magnitude. 

A block diagram of the electronic system is shown in Figure B-3. 

If a random surface is considered, the electronics is required to treck 
the frequency 

which, for our example, can vary over an 800 Hz range. The voltage 

controlled oscillator (VC0) with negative feedback, shown in Figure B-3. 

serves this purpose. The output of the VC0 is mixed with the amplified 

and filtered signal to yield a beat at the difference frequency. This 

signal is integrated by a low-pass filter, yielding an error signal 

applied to the frequency tuning terminals of the VC0 as negative feed- 

back. This forces the VCO to track the incoming signal. The error 

signal then represents the desired demodulation of the input. This pro- 

vides a direct indication of the normal velocity of the surface. To 

obtain displacement, the error signal will have to be integrated over the 

bandwidth expected (800 Hz for our example). The limiter in the control 

loop serves to make the demodulation independent of variations in amplitude 

due to equipment vagaries. 
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The electronic package needed to extract the roughness TnfortnatTon 

from the signal is basically simple, requiring no sophisticated tech- 

niques; therefore. It should be relatively easy to build and since the 

information resides in a frequency shift, the measurement is absolute. 

TIME AND COST ESTIMATE FOR EXPERIMENTAL DEMONSTRATTOM 

This estimate is based on the availability of a laser and major 

cost electronic items such as RF receiver and chart recorder. The major 

cost in purchased components is the Bragg cell and driver. The major 

fabrication cost is the motor driven precision translation stage. 

The time estimate is two months with one man-month scientist and 

two man-months of technician time. The total estimated cost is $25,000. 
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APPENDIX C 

DIFFERENTIAL CALORIMETER 

DESCRIPTION 

A twin-type calorimeter design was chosen so that slow fluctua- 

tions in room temperature would be canceled out because each cell of 

the calorimeter would be affected identically. Also, an electrically 

heated mirror had to be mounted for calibration purposes followeo by 

punting an experimental mirror without changing the calibration con- 

stant. A permanently mounted reference mirror on one side of the twin 

calonmeter satisfied this criterion. 

An exploded top view of the calorimeter is shown in Figure C-l 

The reference mirror is thermally coupled to a 3.8 cm diameter by 

0.38 cm thick aluminum disc using a commercial heat sink compound 

The aluminum disc was glued to a 3.8 cm diameter by 1 cm thick piece 

of acrylic which was in turn glued to the temperature controlled 

jacket of the calorimeter system. A glass bead thermistor (resistance 

3000 ohms at 25=0 and dissipation constant 8 MW/'C) was thermally 

coupled into a small hole in the aluminum disc and its electrical 

leads were brought out through a 0.13 cm hole in the acrylic disc 

The other cell of the calorimeter was constructed and assembled in an 

ident.cal manner. The constant temperature jacket was machined from a 

^.b/ x 6.35 x 13.65 cm aluminum block. The perimeter of f is block 

was wrapped with manganin wire to be used as an electrical heating 

coH. A thermistor was positioned in the aluminum jacket to monitor 

the jacket temperature. The unequal heat flow through each cell of 

the calonmeter made it necessary to put the calorimeter in a box to 

protect It from room air currents which caused short-term fluctuations 

in the calorimeter output. This acrylic box had a shut... which was 

opened only during the laser illumination period 
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The main electronic components consisted of a microvoltmeter. a 

2-channel chart recorder, a power supply and two simple Wheatstone 

bridge circuits. Figure C-2 shows details of the electronic circuits. 

The output of the jacket temperature bridge circuit was recorded 

on Channel B of the strip chart recorder. The Channel B retransmit- 

tlng potentiometer was used to control an electronic switch which 

turned power on and off to the jacket heater coil. The temperature 

sensitivity of this bridge circuit is 0.0135 V/T; the jacket tempera- 

ture control is better than ±0.0018^. This temperature control sys- 

tem is more than adequate for this calorimeter. The typical jacket 

operating temperature was 25°C with a room temperature of 22 to 23«C. 

The thermistors in each cell of the calorimeter are on opposite 

arms of a Whe.tstone bridge, and all elements have equal resistances 

at balance. The calculated temperature sensitivity of this circuit is 

(.8 x lo  volts/«C when jsing a thermistor having a temperature 

coefficient of abouc 4%rc. The nonlinearity of the thermistor intro- 

duces negligible error for the small temperature changes of ^0 03- 

used in the experiment. The output of this bridge circuit is ampli- 

fied with a microvoltmeter and recorded on Channel A of the strip 

chart recorder. The cooling time constant of the calorimeter is 
10 minutes. 

CALIBRATION 

The method of calibration for the calorimeter was to compare the 

power absorbed in a mirror directly to an electrical power of the same 

magnitude. This assumes that the systematic errors arising from 

temperature gradients are negligible or equal in both the calibration 

run and the mirror absorption run and. therefore, cancel each other. 

A 1/8 Watt. 1000 ohm carbon resistor was imbedded in one of the 

mirror samples to be used for electrical calibration. This was accom- 

pushed by drilling a suitable hole through the diameter of one of the 

mirror samples near to the front surface. The carbon resistor was 
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centered in this hole and the remaining void space was filled with a 

commercial heat sink compound. The other components of the electrical 

calibration circuit consisted of a precision resistor in series with 

the carbon resistor, a digital voltmeter and a low voltage power 

supply. The precision resistor and voltmeter were calibrated against 

standards traceable to the National Bureau of Standards (NBS) at our 

Standards Calibration Laboratory. A calibration run consists of 

applying a voltage for 30 seconds (measured with an electrically timed 

switch) and of measuring the voltage drop across both the carbon resis- 

tor and precision resistor. From these data, an accurate determination 

of the electrical power input can be made. The integrated area of the 

time-versus-temperature graph from the calorimeter is compared to the 

electrical input to determine the calibration constant for the calori- 

meter in terms of joules per unit area on this graph. 

The electrical calibration runs were performed several times dur- 

ing the time span covered by the experiment and the data were taken by 

more than one individual. Table C-l shows the variation in the cali- 

bration constant during the time span covered. Calibration runs on 

the same date mean the runs were repeated without disturbing the mount- 

ing of the mirror, whereas data on different dates mean the mirror had 

been removed from the calorimeter and subsequently remounted using a 

new film of heat sink compound. The reference mirror mounted on the 

second cell of the calorimeter was not removed at any time during the 

duration of the experiment. The average value of the calibration con- 

stant derived from data in Table C-l is A - 0.4799 ± 0.01 joule/in.2, 

indicating a reproducibility of at least 2.1%. The overall precision' 

of the calibration indicates an absolute accuracy of ±5% at the 95% 

confidence level. The absolute accuracy of the measurement of the 

absorption of an unknown mirror sample is estimated to bi +6% at the 
67% confidence level. 
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Date 

Time-Temperature 
Curve 
(in.2) 

Electrical Energy 
Input (.ioules) 

Constant 
Calibration 
(joules/in.2) 

9-28-72 6.060 2.974 0.4907 

9-28-72 6.318 3.007 0.4759 

10-10-72 6.271 2.955 0.4712 

10-10-72 5.964 2.958 0.4960 

10-10-72 6.270 2.982 0.4756 

10-24-72 5.994 2.865 0.4781 

10-24-72 4.498 2.124 0.4722 

10-24-72 7.124 3.455 0.4850 
10-24-72 6.002 2.820 0.4698 

10-24-72 5.722 2.820 0.4927 

10-24-72 5.976 2.820 0.4718 
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